We report results of first principles calculations for effects of an external electric field (E-field) on the magnetocrystalline anisotropy (MCA) in transition-metal (Fe, Co, and Ni) monolayers and at metal-insulator (Fe/MgO) interfaces by means of full-potential linearized augmented plane wave method. For the monolayers, the MCA in the Fe monolayer (but not in the Co and Ni) is modified by the E-field, and a giant modification is achieved in the Fe 0.75 Co 0.25 . For the Fe/MgO interfaces, the ideal Fe/MgO interface gives rise to a large out-ofplane MCA, and a MCA modification is induced when an E-field is introduced. However, the existence of an interfacial FeO layer between the Fe layer and the MgO substrate may play a key role in demonstrating an Efield-driven MCA switching, i.e., from out-of-plane MCA to in-plane MCA.
Introduction
Magnetism in thin films and at surfaces/interfaces continues to be one of the most studied and important properties of materials, with many exciting discoveries related to both fundamental and applied sciences [1] . Currently, one of key challenges lies in controlling and designing magnetic properties by applying an external electric field (Efield), which provides a new pathway for controlling magnetism at the nano-scale with the promise of ultra-low energy power consumption compared to traditional control using magnetic field [2] .
Materials being studied so far include magnetoelectric multiferroics and magnetic semiconductors. Surprisingly, recent experiments demonstrated that even in itinerant transition-metals such as thin films FePt and FePd with liquid interfaces, the coercivity is reversibly varied by application of a voltage [3] . Moreover, the perpendicular magnetocrystalline anisotropy (MCA) energy is significantly reduced by an applied voltage in Au/Fe/MgO junctions, i.e., at Fe/MgO interfaces [4] , and the direct switching from out-of-plane to in-plane has been achieved in Au/Fe 0.8 Co 0.2 / MgO [5] .
From a theoretical point of view, successive first principles calculations have been performed to determine the magnetoelectric effect in such transition-metal surfaces/ interfaces [6] [7] [8] [9] [10] , and a general consensus is obtained where the modification of the d-electron charge/spin density induced by the E-field contributes to the effect. In the present paper, we report first-principle predictions for the E-field-induced MCA modification in free-standing transition-metal (Fe, Co, and Ni) monolayers and metal-insulator (Fe/MgO) interfaces.
Method
Calculations were carried out using the full-potential linearized augmented plane-wave (FLAPW) method [11, 12] within the local spin density approximation (LDA) [13] and the scalar relativistic approximation (SRA), using a single slab geometry that allows a natural way to include the E-field applied along the surface normal [7, 14] . To determine the MCA, the second variational method for treating the spin-orbit coupling (SOC) was performed by using the calculated eigenvectors in the SRA, and the MCA energy, E MCA , was determined by the force theorem [15, 16] , which is defined as the energy eigenvalue difference for the magnetization oriented along the in-plane [100] and out-of-plane [001] directions. 7,056 special k-points in the two-dimensional Brilliouin zone were used to suppress numerical fluctuations in E MCA .
3. Transition-metal (Fe, Co, Ni) Monolayers Table 1 summaries the calculated E MCA in E-fields of zero and 1 V/Å for the free-standing Fe x Co 1-x (x = 1.0, 0.75, 0.5, and 0.0) and Ni monolayers, where the Fe 0.75 Co 0.25 and Fe 0.5 Co 0.5 monolayers are modeled by 2 × 2 and √2 × √2 ordered alignments, respectively. For the Fe monolayer, the E MCA in zero field has a positive value indicating out-ofplane MCA, and the E MCA decreases by 0.17 meV/atom when the E-field is introduced. In contrast, for the Fe x Co 1-x (x = 0.75, 0.5, 0.0) and Ni monolayers, the E MCA in zero field has negative values of in-plane MCA. When the Efield is introduced, the E MCA for Fe x Co 1-x (x = 0.75, 0.5) monolayers increases compared to the Fe monolayer, and a maximum change in the E MCA by 0.7 meV/atom are obtained in the Fe 0.75 Co 0.25 monolayer. In contrast, for the Co and Ni monolayers, the E MCA do not change with application of the E-field. Fig. 1 shows the minority-spin band structures and density of states (DOS) for the Fe monolayer. In the zero field, the bands crossing the Fermi level (E F ) arise mainly from the minority-spin states, while the majority-spin bands (not shown in the figure) are almost fully occupied and are located from −1 to −4 eV below E F . When the E-field is introduced, although the overall the band structure is similar compared to that in zero field, a significant difference is observed near E F , e.g., two intersecting bands 1 and 5 above E F at 1/3 (Γ-M) hybridize with each other and are split by about 0.2 eV by the E-field, around 3/5(X-G) the lowered band 1 is almost pushed down below E F . These changes in band structures near E F lead to the MCA modification, since the MCA mainly originates from the SOC between the minority-spin bands crossing E F as pointed out previously [17] .
In addition, when number of valence electrons increases within the rigid band (i.e., E F shifts up around 0.1-0.2 eV), the large MCA modification may be induced, as observed in the Fe 0.75 Co 0.25 monolayers mentioned above. In the case of the Co and Ni, E F further shifts above the d bands due to an increase in the number of electrons, and so the states around the induced band gaps become occupied. Hence, no change in the MCA appears in the Co and Ni monolayers.
Metal-insulator (Fe/MgO) Interfaces
For an ideal abrupt Fe/MgO interface, we considered two structures, Fe/MgO(001) and Au 3 /Fe 3 /MgO(001) structures; the first represents a surface Fe monolayer on an MgO(001) substrate and the latter, an Au-capped three-atomic-layer Fe film on an MgO substrate where the surface magnetoelectric effect [6, 9] is eliminated by the nonmagnetic Au over-layer. The Fe atoms at the interface are on top of the O atoms, as found by first-principles calculations [18] and LEED experiments [19] . In order to determine the role of the interfacial FeO layer, we considered additional structures, Fe/FeO/MgO and Au 3 /Fe 3 /FeO/MgO, as observed in experiments [20] , where an FeO layer inserts between the Fe layer and the MgO substrate. The atomic z-positions are fully optimized using the atomic force FLAPW calculations. Table 2 gives the calculated E MCA in zero field and ± 1 V/ Å, respectively, where the positive (negative) field is chosen so as to set the positive (negative) electrode at the vacuum region of the MgO side and the negative (positive) electrode for the Au sides. In zero field, the E MCA for the ideal abrupt interface of the Fe/MgO and Au 3 /Fe 3 /MgO structures have very large positive values of 1.28 and 0.94 meV, respectively, indicating a strong out-of-plane MCA compared to that of the free-standing Fe monolayer. When an E-field is introduced, the MCA is modified; for the Fe/ MgO structure, a negative E-field enhances the MCA by 0.15 meV, while a positive one reduces it by 0.10 meV. However, for these fields, no magnetization switching from the out-of-plane to the in-plane is realized. Even in the case of the Au 3 /Fe 3 /MgO structure, the modification of the MCA is very small, 0.04 meV.
In striking contrast, for the Fe/FeO/MgO and Au 3 /Fe 3 / FeO/MgO structures, the E MCA turns out to have negative values of −0.18 and −0.56 meV, respectively. Thus, the presence of the interfacial FeO layer drastically changes the MCA. When an E-field is introduced, a large MCA modification appears where a negative E-field enhances the MCA by about 0.1 meV while a positive one reduces it by about 0.2 meV. Based on these results, for demonstrating an E-field-driven MCA switching, from out-of-plane MCA to in-plane MCA, the existence of an interfacial FeO layer may play a key role.
Summary
We investigated the effects of the E-field on the MCA in transition-metal (Fe, Co, and Ni) monolayers and at metalinsulator (Fe/MgO) interfaces, and discussed the E-fieldinduced MCA modification. For the monolayers, the MCA in the Fe monolayer (but not in the Co and Ni) is modified by the E-field due to the change in the d band structure around E F . For the Fe/MgO interfaces, the existence of an interfacial FeO layer plays a key role in demonstrating an E-field-induced MCA modification. 
